Abstract: A surface plasmon resonance (SPR) sensor based on a hollow fiber (HF) is proposed to realize high analyte refractive index (RI) detection. The hole in the HF as a microfluidic channel for the analyte is filled with a silver wire to replace the metal coating. The sensitivity of the proposed SPR sensor with analyte RI from 1.47 to 1.51 is theoretically investigated both in the wavelength and amplitude interrogation methods. The results show that the sensor can support two disparate resonance peaks, with orthogonal polarizations (x -and y -polarized peaks), and the sensitivity of the y -polarized peak is higher than that of x -polarized peak. Moreover, contrary to the performances of the resonance peaks supported by the low RI SPR sensors, the two polarized peaks shift to shorter wavelength as analyte RI increasing and show a higher sensitivity at low analyte RI. These results and analyses, including the abnormal behaviors of resonance peaks and the coupling condition between the core modes and the plasmon modes, are very helpful for the design and improvement of high RI SPR sensors.
Introduction
Surface plasmon resonance (SPR) is extremely sensitive to the refractive index (RI) of the dielectric medium in contact with the metal surface [1] . Thus, as a surface-sensitive analytical method, the SPR phenomenon shows great potential in chemical and biological sensing [1] - [3] . Among various SPR configurations, microstructured optical fiber (MOF) based SPR sensors attract the most research interest [4] - [10] , not only because MOFs like the traditional optical fibers can efficiently negate the limitations of prism based SPR sensors such as nonflexible, complicated design and difficulty of remote sensing, but because the flexible design of microstructures can also provide a new method to achieve phase matching between a core mode and a plasmon mode [5] - [9] . To implement MOF-based SPR sensors for analytes detection, the fiber holes are coated with the metal films and then filled with the analytes [4] - [10] . In addition, by following the characteristics of the transmitted light, the variations in the RI of the analytes can be detected. In these proposed designs, however, two main problems still exist and need to be solved.
One of the problems is the coating of the metal film in the fiber holes [4] - [10] . Because the size of the fiber holes in these sensors is as small as several microns, the coating of the thin metal film on the inner wall of the holes is difficult and complex, especially in the selectively coated structure [5] - [9] , [11] . Moreover, the selective metal coating often accompanies selective analyte filling, which is also difficult to handle.
The second problem is the upper detection limit of analyte RI, which is relatively low, i.e., typically below 1.42 [8] - [10] . This is because the analyte fills the cladding holes of the MOF in the previous designs [4] - [6] , [8] - [10] , and to preserve the index-guiding character of the MOF, the sensor was limited to analyte with RI lower than that of the fiber core. This makes it difficult to detect some high RI organic chemical analytes, such as benzene, nitrobenzene or phenylamine.
To overcome above problems, in this paper, we propose a SPR sensor based on a hollow fiber (HF). The hole in the fiber core is filled with a silver wire and the analyte to replace the metal coating. Plasmon modes can form on the metal wire [12] - [16] , and the resonance peak will be excited when the core mode couples to the plasmon modes at certain wavelengths. We investigate some unique features of the proposed SPR sensor, including the potential for high RI sensing over a wide dynamic range, the behavior of the resonance peaks, and the influence of the silver wire size, and compare the results to those of other SPR sensors which are widely applied in low RI sensing. These results and analyses can best be understood in terms of the coupling between the core modes and the plasmon modes and can, in theory, provide new approach to enhance and extend the high sensitivity of such an SPR sensor. The unusual HF with its simple structure and low loss properties in the visible and infrared regions has been applied in many applications [17] - [22] , such as energy transmission for infrared or visible laser light with inside metal coating [17] - [21] . Such HFs filled with metal wires in SPR sensing for high RI detection have yet to be reported.
Sensor Design and Principle
The schematic of the proposed SPR sensor is shown in Fig. 1 . The analyte with a silver wire is filled into the hole of the HF to avoid the need for metal coating, and eventually, the silver wire will sink to the bottom of the hole surface because gravity effects. These filling processes should be easy to operate because the holes of the HFs are available over a relatively wide range of diameter, from several hundred microns to several millimeters or more [17] - [22] . The light propagating in the fiber core can couple with the lossy plasmon mode at a certain wavelength, and the RI of the analyte can be detected by measuring spectral characteristics of the transmitted light. To satisfy the condition of total reflection, the analyte should have a higher RI than the cladding of the HF. Therefore, the proposed SPR sensor has an inherent advantage in the detection of high analyte RI [22] . In most previous designs [5] - [9] , [12] - [14] , the metal films or wires are selectively incorporated into fiber holes. In our design, the single hole as the analyte channel can avoid the selective operation.
The electromagnetic modes of the fiber described in this work were calculated by using finite element method (FEM) [4] - [10] , [14] . As shown in Fig. 1 , the silver wire is on the surface of the fiber hole, and the fiber is assumed to be fabricated using fused silica ðn ¼ 1:45Þ which has most commonly been used to manufacture MOFs. For the FEM modeling, we fix the diameters of the silver wire, the hole, and the fiber to The RI of the silver is given by the Drude model [23] , and the RI of the analyte ðn a Þ is altered from 1.47 to 1.52 to evaluate the performance of the sensor for high n a sensing. Fig. 2 (a) shows the dispersion relations of the core modes and the plasmon modes when the n a is 1.5. Here, we use the Gaussian-like modes as the core modes [4] - [10] , it being best suited for the excitation by standard Gaussian laser sources. As shown in Fig. 2 , because of the asymmetric structure of the sensor, the core modes exhibit strong birefringence, with one mode (y -polarized) being polarized essentially parallel to the axis of symmetry and the other (x -polarized) orthogonal to this, which will lead to two different phase matching points [see dots (c) and (f) on the left side of Fig. 2 ] of the core modes and the plasmon modes, therefore resulting in two polarized resonance peaks for the same n a . Take the x -polarized modes (solid lines) on the left side of Fig. 2 for example, the x -polarized resonance peak is located at 1.845 m [dot (c)], where the real part of the effective RI of the core mode ½Reðn eff Þ and that of the plasmon mode ½Reðn p eff Þ are equal [5] - [9] . Significant increase in the core mode loss is observed at this wavelength gauged from the imaginary part of the effective RI curve ½Imðn eff Þ which is proportional to the mode loss. The losses of the core mode increase dramatically due to the energy transfer into the lossy plasmon mode. The electric field (E field) distributions of the modes on the right side of Fig. 2 clearly show the energy transfer between the core modes and the plasmon modes. At non-resonance wavelengths, the two modes [see Fig. 2 (a) and (b)] are confined to their own position, and show distinctive patterns, respectively. At the resonance wavelength, they merge and interact strongly [see Fig. 2(c) ], which imply that a large portion of energy transfers to the plasmon modes from the core modes. And thus, an obvious peak in the core mode loss spectrum is observed at this wavelength range.
Results and Discussion
When the n a varies, the phase matching points change accordingly, thus leading to different loss spectra of two polarized core modes, and the n a variation can be identified by measuring the resonance peak shift (wavelength interrogation) or the transmitted power change at a certain wavelength (amplitude interrogation) of the core modes [4] - [10] . The different spectra of the two polarized core modes are shown in Fig. 3 when the n a changes from 1.5 to 1.51. For comparison, in the blue line, we present the loss of the core mode with n a ¼ 1:5 for the case when the silver wire is not presented. In this case, the losses of the two polarized core modes are the same owning to its symmetry without the silver wire. For reference, losses in decibels per meter are defined as [10] loss ¼ 8:686 Á k 0 Im½n eff ðdB=mÞ:
Here, k 0 ¼ 2= is the wavenumber with being in meters. It is important to note that unlike previous SPR sensors which the resonance peak of the core modes shifts to longer wavelength as n a increasing [4] - [6] , [8] - [10] , the peak in this sensor shifts to shorter wavelength, as shown in Fig. 3 . This difference is attributed to the different ways of the analyte filling. Theoretically, the phase matching condition requires equating the effective RI ðn eff Þ of the core mode and the plasmon mode at a given wavelength of operation [5] - [9] . Typically, in the case of a single mode waveguide, the n eff of the core mode is close to that of the core material, and the n eff of the plasmon mode is close to that of the material in contact with the metal surface. In previous SPR sensors [4] - [6] , [8] - [10] , the analyte is filled into the metal holes in the fiber cladding, and therefore the n eff of the plasmon mode is close to the RI of the analyte ðn a Þ. And the increasing n a could increase the n eff of the plasmon mode, hence, leading to the shift of the resonance peak (phase matching point with the core modes) toward longer wavelengths [6] , [8] , [9] . Instead, in this sensor, the analyte is filled into the fiber core, and the n eff of the core mode is close to the n a . Thus the increasing n a will increase the n eff of the core mode, resulting in the rise of the Reðn eff Þ curves in Fig. 2 , therefore making the shift of the phase matching point with the plasmon mode [see dots (c) and (f) in Fig. 2 ] to shorter wavelengths. This behavior of the resonance peak is also consistent with the experimental result from the SPR sensor based on the HF with silver coating [22] . The characteristics of the two polarized resonance peaks at different n a are summarized in Table 1 . As shown in Table 1 , the peak wavelength and loss of the two polarized peaks are difference at the same n a , which implies that the sensitivities of the two core modes are also different whether in the wavelength or amplitude interrogation methods.
Wavelength Sensitivities
In the wavelength interrogation mode, the n a variations are detected by measuring the shift of the resonance peak ðÁ peak Þ. In this case, the sensitivity is defined as [4] 
As shown in Fig. 4 , the wavelength sensitivities of the y -polarized core mode are higher than that of x -polarized core mode, and in general, the sensor shows a higher sensitivity at low n a , this performance is also different from other SPR sensors which shows a higher wavelength sensitivity at high n a [8] - [10] . This different phenomenon is also due to the different ways of the analyte filling. As mentioned above, the n eff of the core mode is close to that of a core material, which in this sensor is the n a , while in other sensors is the RI of the fiber material [4] - [6] , [8] - [10] . Therefore, the n a being close to the RI of fiber material (low n a in this sensor or high n a in other sensors) will lower the n eff difference between the core modes and plasmon modes, hence, increasing coupling efficiencies between the two modes and resulting in higher wavelength sensitivities. However, when the n a is very close to the RI of the fiber materials, higher order plasmon modes can also be excited [8] - [10] , which may introduce noise and make the detection of the n a more difficult.
Amplitude Sensitivities
In the amplitude interrogation mode, the n a variations are detected by measuring the change of the transmitted power at a single wavelength [4] - [6] . A sensor length L is typically limited by the mode loss, and a reasonable choice of the sensor length is L ¼ 1=ð; n a Þ [4]- [6] , where the ð; n a Þ is defined mode loss of a core mode as a function of the wavelength and the n a . With such choice of the sensor length, the amplitude sensitivity S for the small changes in the n a ðÁn a Þ is defined as [5] S ¼ Áð;n a Þ Án a ð; n a Þ :
Fig . 5 shows the sensitivity S with the n a changing from 1.5 to 1.51, and the maximum S of the x -polarized and y -polarized core modes are 55 RIU À1 at 1808 nm and 190 RIU À1 at 1384 nm, respectively. The maximum S of the two polarized core modes at different n a are shown in 6(a) . The maximum S of the y -polarized core mode is higher than that of x -polarized core mode. Similarly with the wavelength sensitivity, the maximum S also shows a higher sensitivity at lower n a because of stronger coupling efficiencies, especially for the y -polarized core modes. As shown in Fig. 6(b) , the wavelength of the maximum S shifts to shorter wavelength as n a increasing which is basically consistent to the shifts of the resonance peak (see Table 1 ).
Note that the amplitude sensitivity parameter S [Eq. (3)] is valid for a sensor length L ¼ 1=ð; n a Þ [4]- [6] , and the sensor length should be considered as the silver wire length in this sensor, because the sensor loss is almost 0 dB/m when the silver wire is not presented, as shown in Fig. 3 . Due to very high loss of the sensor, the silver wire length is limited to several millimeters or less as shown in Fig 7. Such sizes make the silver wire more like the silver particle, which means the silver particle with a reasonable size is also feasible to replace the silver wire in this sensor. This will also facilitate the fabrication of the silver wire filling.
Influences of Silver Wire Sizes
For the metal coated SPR sensor, the resonance peak is very sensitive to the thickness of the metal film [4] - [6] , [9] , [10] . Similarly, for the metal wire filled SPR sensor in our design, the resonance peak is very sensitive to the diameters of the metal wire ðd s Þ. Fig. 8 exemplarily shows changes in the loss spectra of the core modes with n a ¼ 1:5 when the d s is 0.8 m, 1.0 m, and 1.2 m. As shown in Fig. 8 , the y -polarized peak loss increases as d s is increasing while the x -polarized peak loss decreases and simultaneously the peaks shift to longer wavelength. Such changes in the resonance peak by the d s changing can be easily detected, and this mechanism potentially can be applied to measure the diameters of metal wires at a fixed n a .
For the wavelength sensitivity, changes in the peak wavelength at all the n a are basically parallel for the same d s changing, as shown in the Fig. 9 . Thus according to (2) , the wavelength sensitivity of the sensor depends weakly on the choice of the d s as shown in the Fig. 4 . Only at low n a , the sensitivity increases a little for the larger d s . However, note that as d s increasing, the x -polarized peak loss decreases, but the y -polarized peak loss increases [see Figs. 8 and 9(b)]. These changes will affect the spectral width of the resonance peaks and, hence, the resolutions of the sensor.
For the amplitude sensitivity, because the trends of changes in the peak loss are consistent at other n a as seen from the Fig. 9, according to (3) , the maximum S is a little changed when the d s changes [see Fig. 6(a) ], but its wavelength shifts to longer wavelengths for larger d s [see Figs. 5 and 6(b)]. As the silver wire length is inversely proportional to the mode loss which is different at various n a or d s , to obtain the maximum S, the choices of the silver wire length should be different accordingly as shown in Fig. 7 . This should be an important consideration in the amplitude interrogation methods.
Compared with the significant changes in the d s , the sensitivity variations are trivial as seen from the Figs. 4 and 6(a) . In other word, the sensitivity of the sensor is relatively stable even with the slightly different or uneven d s . Although the sensor shows a high sensitivity only when the n a is close to the RI of the fiber material, the range of the high sensitivity will be extended by using HFs with various materials such as polymers which are available over a relatively wide range of RI [24] - [27] , or by employing the Hollow-core MOFs, which can be further reduced the effective RI of the fiber cladding benefiting from the air holes in the cladding [26] - [28] .
Conclusion
We describe a simple structure HF based SPR sensor to determine its potential for the high analyte RI sensing. To avoid the complicated metal coating, the hole in the HF is filled with a silver wire and the analyte. Due to its asymmetry caused by the silver wire, the sensor supports two separate resonance peaks which are x -polarized and y -polarized peaks, respectively. Because the analyte is filled into the fiber core to form the waveguide, the two polarized peaks shift to shorter wavelength as n a increasing and show higher sensitivities at low n a , which are contrary to the behaviors of the resonance peaks supported by previous SPR sensors [4] - [6] , [8] - [10] . The wavelength and maximum amplitude sensitivities of the y -polarized peak are higher than those of x -polarized peak. Moreover, the wavelength sensitivity range of the y -polarized peak is 4200∼16 200 nm/RIU in the sensing range 1.47∼1.52 with 1 m of the silver wire diameter, which is comparable to the sensitivities of the multi-core holey fiber (9231.27 nm/ RIU in the sensing range 1.43∼1.53) [7] and the silver-coating HF (2185∼6607 nm/RIU in the sensing range 1.509∼1.763 with the 57 nm thick silver layer) [22] SPR sensors and higher than the sensitivity of the multimode fiber with the modified SiO film (average 1023.24 nm/RIU calculated from the resonant wavelengths in the sensing range 1.4344∼1.5859) [29] SPR sensor in the similar sensing range.
